Aim In this experimental study, we aimed to investigate possible healing effects of memantine hydrochloride, an N-methyl-d-aspartate (NMDA) antagonist, with clinical, biochemical, and histopathologic methods on acute peripheral nerve injury (PNI). Material and Method Forty-eight adult Wistar albino rats were divided into four groups (n = 12). The groups were arranged as sham-operated group (group 1), acute compression model group (group 2), trauma + low-dose memantine group (group 3), and trauma + high-dose memantine group (group 4). Memantine was administered intraperitoneally for 7 days. Subjects were sacrificed after the measurement of the sciatic nerve function index (SNFI) on the eighth day. Cyclooxygenase 2 (COX-2) and tumor necrosis factor-α (TNF-α) levels were measured in nerve tissues. Histopathologic evaluation was performed by electron microscopy. Results The mean sciatic function index (SFI) scores of groups 1 to 4 were +3.27 (standard deviation [SD] ±4.66),-18.2 (SD = ±11.7),-8.5 (SD = ±7.5), and-2.5 (SD = ±9), respectively. The mean COX-2 values were 0.98 ng/mL (SD = ±0.51), 1.89 ng/mL (SD = ±0.22), 1.39 ng/mL (SD = ±0.36), and 1.35 ng/mL (SD = ±0.59), respectively. TNF-α values were 0.09 pg/mL (SD = ±0.23), 1 pg/mL (SD = ±0.96), 0.46 pg/mL (SD = ±0.55), and 0.48 pg/mL (SD = ±0.78), respectively. Group 1 showed normal histologic findings. Group 2 showed marked edema particularly in large-diameter myelins. Myelin configurations were detected in large myelinated axons in group 3. The number of mast cells in endoneurium was high in group 4. Conclusion The efficacy of memantine in the acute phase of PNI appears to be significant according to the SNFI and biochemical tests. However, histologic findings suggest that high doses of memantine have a negative effect on PNI.
Introduction
Peripheral nerves can be damaged due to mechanical, thermal, chemical, congenital, and pathologic reasons. When plexus and root injuries are included, peripheral nerve injury (PNI) is detected in approximately 5% of patients admitted to first-level trauma centers. 1, 2 The increased feasibility of microsurgical, histologic, and immunohistochemical techniques have contributed to the success rate of nerve repair in PNI. 3 However, the success rate has not been reached to the requested levels. Therefore, in various studies, researchers have attempted to demonstrate the efficacy of neurotrophic factors, steroids, hormones, some chemical substances, and low-frequency magnetic field applications on nerve regeneration to increase the success rate in PNI. [4] [5] [6] [7] Memantine (3,5-dimethyladamantane-1-amine hydrochloride) is a clinically well tolerated, competitive N-methyld-aspartate (NMDA) receptor antagonist with low affinity. It affects glutamatergic synaptic transmission and has an agonistic effect on the dopamine D 2 receptors. 8 It has a variety of clinical Effect of Memantine Hydrochloride in Experimental PNI Ak et al.
uses, especially in Alzheimer's disease. Moreover, its efficiency has been studied in neuropathic pain and postherpetic neuralgia. [9] [10] [11] [12] However, the studies regarding motor improvement on acute neural damage are relatively few in number. 13 In our experimental study, we performed an acute sciatic nerve compression model in rats and investigated the clinical, biochemical, and histopathologic effects of memantine on acute PNI.
Material and Method
This study was carried out at Experimental Animal Laboratory, Medical Faculty, Adnan Menderes University after the approval of Ethics Committee on Experimental Use of Animals of Adnan Menderes University School of Medicine (ADU-HADYEK) dated February 2, 2009 (B.30.2.ADÜ.0.06.00.00/124-HEK/2009/63).
Forty-eight Wistar albino adult female rats with a weight of 200 ± 20 g were used as subjects. The rats were fed with ad libitum feeding. Animals were maintained under standardized housing conditions with 12-hour light-dark cycle. They were weighed at the beginning of the study and before the sacrification. The animals were anesthetized with intraperitoneal administration of 8 mg/100 g ketamine ( Alfamine 10%, Ege Vet Animal Husbandry, Bornova/İzmir) and 1 mg/100 g xylazine (Alfazyme 2%, Ege Vet Animal Husbandry, Bornova/ İzmir).
The 48 rat subjects were divided into four groups (n = 12). The groups were arranged as sham-operated group (group 1), acute compression model group (group 2), trauma + lowdose memantine group (group 3), and trauma + high-dose memantine group (group 4). In group 1, the area between the sciatic nerve origin and the first branch of it were opened by blunt dissection through the femoral and gluteal muscles after a 2-cm incision on the thigh at the ventral decubitus position. After that, anatomic closure was performed. The group 2 was created by injecting the autologous blood from the tail vein (0.2 mL) to the sciatic nerve intraneurally, after the sciatic nerve was revealed with a similar method as in group 1. 14 Group 3 was exposed to acute compression model + low-dose memantine. The subjects of group 3 were administered low-dose memantine hydrochloride (Sigma Aldrich, memantine hydrochloride > 98% GC, M9292) (1 mg/kg/day) for 7 days after the sciatic nerve dissection and acute peripheral nerve compression were established. Group 4 (acute compression model + high-dose memantine group) received high-dose intraperitoneal memantine hydrochloride (12,5 mg/kg/day) for 7 days after similar sciatic nerve dissection and acute peripheral nerve compression were established. Ad libitum feeding, fresh tap water, and standardized housing conditions (temperature, 20-24°C, 12-hour light/dark cycle light on from 7 a.m. and 60 ± 5% humidity) were continued during the following 7 days after the surgery. Memantine was prepared and injected at the same time of each day by the same investigator.
Sciatic Function Index Measurement
Sciatic function index (SFI) is a commonly used tool for the evaluation of functional recovery of the sciatic nerve of rats in experimental studies. It relies on footprints obtained with ink and paper. On the eighth day of the experiment, first the measurements of the third toe to heel (PL), the first toe to the fifth (TS), and the second toe to the fourth (IT) were made on sham-operation group (group 1 that is represented by N) and injury groups (group 2 to 4 that are represented by E). Then motor function was assessed by walking track analysis of the rats (with slope angles of 30 degrees). During the walking test, both legs of the animals were stained with inks and scored, and the SNI was calculated from the footprints. For the calculation of SNI, we used the following formula 15 :
After the SFI scores were obtained, the animals were deeply anesthetized with intraperitoneal administration of 8 mg/100 g ketamine and 1 mg/100 g xylazine. The animals were weighed again, and their weights were noted. Then, they were dissected through the first branch of the sciatic nerve origin, and neural tissue samples were obtained. Finally, the animals were sacrificed with high-dose anesthetic agent.
Biochemical Method
Protein, tumor necrosis factor-α (TNF-α) and cyclooxygenase 2 (COX-2) levels were determined after tissue homogenization using a 1/20 dilution on ice with tissue lysis buffer (kit components; 150 mM NaCl, 50 mM Tris (pH:8.0), %1 triton X-100, 1 µg/mL leupeptin, 1 µg/mL aprotinin, 1 µg/mL pepstatin, 1 mM PMSF) and centrifugation at 10,000 rpm for 10 minutes at +4°C. The in vitro gen rat enzyme-linked immunosorbent assay (ELISA) kit for the detection of TNF level and IBLAT ELISA kit for COX-2 level were used. Tissue TNF-α and COX-2 levels were expressed by protein per mg.
Histologic Evaluation
Sections of 1 µm were taken from the sciatic nerves passed through the electron microscopic examination and evaluated histologically using toluidine and S100 staining.
Statistical Analysis
The statistical analysis of this study was performed in the SPSS 14.0 (IBM Corp.) statistical program. The paired t-test was used to determine the significance of differences between groups. p < 0.05 was considered statistically significant.
Results
Prestudy and prescarification weights of all patients in this study were measured, and the difference was observed as ±5 g and was not statistically significant for all groups.
Functional Analysis
Walking track analysis of all the patients on an oblique plane in the study were performed before sacrificing, and SFI scores were calculated (►Graph 1). The mean SFI scores of groups 1 to 4 were +3.27 (standard deviation [SD] ±4.66),-18.2 (SD = ±11.7),-8.5 (SD = ±7.5), and-2.5 (SD = ±9), respectively. A statistically significant difference was found during the comparison between groups 2 and 3 with paired t-test (p < 0.05). Also, a statistically significant difference was calculated between groups 2 and 4 with paired t-test (p < 0.05), but there was a significant difference between the groups 3 and 4, which received memantine (p < 0.05).
Biochemical Analysis
COX-2 levels were measured by ELISA in sciatic nerve tissue samples from the patients (►Graph 2). The mean COX-2 values of the groups were 0.98 ng/mL (SD = ±0.51), 1.89 ng/mL (SD = ±0.22), 1.39 ng/mL (SD = ±0.36), 1.35 ng/mL (SD = ±0.59), respectively. A statistically significant difference was found between groups 1 and 2 in the analysis with paired t-test (p < 0.05), and mean COX-2 values were statistically lower in group 1 compared with group 3 too. Also, there was a statistically significant difference between groups 2 and 3; between groups 2 and 4 (p < 0.05). However, there was no statistically significant difference between groups 1 and 4 and groups 3 and 4 due to statistical analysis with paired t-test (p > 0.05).
TNF-α levels were measured by ELISA in sciatic nerve tissue samples from the subjects (►Graph 3). The results were 0.09 pg/mL (SD = ±0.23), 1 pg/mL (SD = ±0.96), 0.46 pg/mL (SD = ±0.55), and 0.48 pg/mL (SD = ±0.78), respectively. There was no statistical difference when group 1 was compared with groups 3 and 4 separately (p > 0.05). There was no difference between memantine received groups (groups 3 and 4).
Histologic Analysis
The sham-operated group (group 1) that was considered as control group showed normal histologic findings consisting of myelinated axons with myelin sheath thickness, surrounding structures (epi-, peri-, and endoneurium), and connective tissues in the normal ranges in slides stained with toluidine blue. Schmidt-Lanterman clefts (SLCs) in S100 thin sections studied by electron microscopy showed normal ultrastructure.
The toluidine blue-stained semi-thin sections in group 2 showed marked edema, particularly in large diameter myelins. Also, pericapillary edema and mast cells, demyelinated axons, and Schwann cell bands were detected. Myelin lamella completely disappeared in large axoplasmic areas. In S100 staining, Schmidt-Lanterman incisures (SLIs) showed significant positive reactivity in large-diameter axons at paranodal areas. Positive immunoreactivity was detected scattered between lamellae in large-diameter lamellar separated from myelins (►Fig. 1).
Myelin configurations were detected in large myelinated axons in toluidine-dyed semi-thin sections in group 3. Evacuation and disorganization were observed in axoplasmic Graph. 1 Sciatic function index (SFI) scores of the groups.
Graph. 2 COX-2 levels of the groups.
Graph. 3 TNF-α levels of the groups. Relative congestion was observed in axons between laminated myelin structures. S100 staining of the same group showed significant positive reactivity in rings of myelinated axons and large-diameter axons in the paranodal regions and SLCs (►Fig. 2).
The number of mast cells in endoneurium was high, and myelin degeneration was observed in group 4. Axoplasmic vacuole in large-diameter myelinated axons, vacuolization in Schwann cells, and mast cells among fat tissues in the epineurium region were detected. Axoplasmic myelin degradation products, axoplasmic disorganization, atrophic axons, laminal debris materials, and granular disintegration between inner myelin laminae and axons were seen. The investigation of the same group revealed predominance of large-diameter axons in paranodal regions in SLC in S100 stains. The rings of myelinated axons showed significantly positive reactivity same as Schwann cells too. However, the regularity of the myelinated rings and positive reactivity were regular and small in number (►Fig 3).
Discussion
Memantine appears to be significantly effective in acute PNI considering the SFI and biochemical results of this study. However, histologic findings suggest that high doses of memantine have a negative or even deleterious effect on peripheral nerve regeneration.
Intraneural hematoma-induced nerve injuries are usually associated with trauma, bleeding disorders, or drug use such as warfarin and heparin. 16, 17 The surgical treatment planning for acute nerve injuries sometimes cannot be actualized in patients with hemorrhage diathesis, who use drugs that increase blood flow or in elderly patients who are not fit for surgical intervention. These patients are not good candidates for surgery, and as the time passes for the optimization, the chances of a successful surgery get lower. 17 We constructed an intraneural hematoma model in our study, especially considering the patients in this group. Scopel et al aimed to compare internal neurolysis with longitudinal epineurotomy in their experimental intraneural hematoma study, in other words, to determine the number of patients who could be candidates for surgery. 14 On the other hand, we focused on the contribution of low-and high-dose memantine in early healing process.
So far, various neurotrophic factors, steroids, hormones, many chemical substances, and low-frequency magnetic field applications have been studied to determine the efficiency in nerve regeneration in experimental animal and human studies. [4] [5] [6] [7] 18 Experimental peripheral nerve studies were generally investigated for long-term effects (4-8 weeks). 7, 19, 20 However, we medicated the animals for 7 days and sacrificed them on the eighth day to observe the short-term effects.
Memantine is a well-tolerated, noncompetitive NMDA receptor antagonist with low affinity. It has been used in Alzheimer's disease, generalized anxiety disorder, epilepsy, opioid dependence, systemic lupus erythematosus, depression, obsessive compulsive disorder, essential tremor, Tourette's syndrome, attention deficit hyperactivity syndrome, glaucoma, tinnitus, and complex regional pain syndrome, and is also being investigated in the treatment of neuropathic pain, postherpetic neuralgia, pervasive developmental disorders, HIV-associated dementia, nystagmus, multiple sclerosis, hyperammonemia-induced encephalopathy, acute hepatic encephalopathy, and autism. [21] [22] [23] [24] [25] [26] [27] [28] Memantine studies on the peripheral nervous system have just started in recent years. These studies on experimental animals and humans in the literature are very limited in numbers and mostly directed to peripheral neuropathic pain and phantom limb pain. 24, 27, 29, 30 There is only one study aiming on the effect of memantine on recovery of motor function. 13 The SFI score of the injured group without any treatment (group 2) was found to be-18.2 only. That parameter was-8.5 in the low-dose memantine group and-2.5 in the high-dose memantine group. The difference between the injured group and memantine-receiving groups, as well as between lowand high-dose memantine groups (p < 0.05), was statistically significant. According to these findings, we claim that low and high doses of memantine appear to be effective in the recovery of acute nerve injury and have a dose-dependent effect in the functional healing.
We evaluated COX-2 and TNF-α levels to assess the inflammatory process in sciatic nerves of the animals. After any injury to the peripheral nerves in various types, COX-2 is upregulated and prostaglandin production in macrophages and Schwann cells is increased. The studies on upregulation of COX-2 in the process of axonal regeneration have focused mostly on involvement in neuropathic pain induction rather than regeneration process. However, a strong upregulation of COX-2 after nerve injury, as well as the ability to regulate inflammatory mediators such as proinflammatory cytokines, suggests that this enzyme may also play an important role in nerve regeneration. 38 We detected COX-2 level as 0.98 ng/mL in sham-operated group that indicated that COX-2 was present in uninjured sciatic nerves, and the statistically significant increase in COX-2 that rises during acute injury could be considered as an indicator of that in group 2. COX-2 level of group 3 was measured statistically higher than group 1. However, the increment level of COX-2 in group 3 that received low-dose memantine was lower than group 2 that did not receive any medication. However, the statistical difference of groups 2 and 3 was continued to be preserved, which might be associated with less therapeutic effect of lower memantine dose. The results showing a statistical difference between groups 2 and 4 support this hypothesis. A statistical difference between groups 1 and 4 that received high-dose memantine might suggest higher level of recovery at higher doses. However, the reason why there was no statistical difference between memantine received groups (groups 3 and 4) was not fully understood.
TNF-α is a member of the cytokine group that stimulates the acute phase reaction. [39] [40] [41] [42] It has been studied particularly on neuropathic pain extensively. 43 TNF-α involves in wallerian degeneration and regeneration following PNI. This is demonstrated by some studies of crushing complete or incomplete sciatic nerve lesions and chronic entrapment injuries. 44, 45 George et al have suggested that TNF is produced during acute injury period in experimental studies. 44 TNF-α levels in group 1 were close to zero in our study (0.09 pg/mL). This value significantly increased to 1 pg/mL in group 2 that is the pure injury group. No significant difference between the other groups (graph 3 and 4) may be attributed to the therapeutic effects of memantine. There was no significant difference between low and high doses, which may be due to the same effect. Nevertheless, as reported in the literature, TNF-α peaks at 12 hours and drops after the third day, which may also be associated with these results.
Schwann cells are supporting structures surrounding the axons in the peripheral nervous system and making the myelin sheath around the axon. This close relationship between Schwann cells and axons is an indication that these cells have special effects on axons. 46 Disruption of axon-Schwann cell association causes significant changes in axons and Schwann cells. These cellular changes occur at the end of the proximal and distal nerve segments. Morphologic changes in the distal segment begin within the first 3 days after injury. Fragments start to shrink and get an oval appearance. Macrophage migration to the injury side starts on the second day and reaches to the highest level at the fourth and seventh days. They clear axonal debris within 15 to 30 days completely. 47 Schwann cells rapidly divide by mitosis to fill the space filled with axons and myelin sheath on the third day. Disorganization in the axoplasmic cell skeleton, products of lamellar and vesicular destruction debris, and atrophic axoplasmic edema were checked to see whe ther they changed with memantine. Neuronal damage to blunt traumas causes secondary damage by release of glutamate. Schwann cells were found to be distributed differently in S100 immunoreactivity evaluation. In myelinated fibers, the amount of S100 immunoreactivity turned out to be directly related to the thickness of the myelin sheath formed by Schwann cells. The S100 immunoreactivity in unmyelinated fibers was the same as small myelinated fibers. The histologic results of high-dose memantine have been found to have adverse effects on nerve regeneration processes.
Conclusion
Efficacy of memantine in the acute phase of PNI appears to be significant according to the SNFI and biochemical tests. However, histologic findings suggest that high doses of memantine have a negative or even deleterious effect on peripheral nerve regeneration. The data from our study are not enough to make a general statement, and further investigations with similar models are required to confirm this assumption.
